For decades, various versions of the Takagi algorithm have been used by microprocessor-based relays for fault location. This system provides accurate fault location, limited by nonhomogeneous infeed, load flow, fault resistance, and series-compensated or parallel lines. With the emphasis placed on reliability in today's power system, the need for improved accuracy in fault location has increased. Cases involving transmission lines spanning rivers or large valleys mean that a small error in fault location can force maintenance crews to spend added hours, or days, to find broken insulators or other faulted line components.
Introduction
A complete traveling wave fault location system includes more than just the detection of the traveling wave itself. The practical aspect of adding this capability without multiplying entire measuring systems means it needs to be combined with existing devices.
The basic process of a traveling wave fault location system involves detecting the wave peak, tagging the time of arrival, and comparing it with the time of arrival at the remote end of the line. Of course, each of these steps has its own complications and issues that must be addressed in order to achieve the accuracy promised by today's high-accuracy timing available at any location in the world.
Input signal selection
A fault on a transmission circuit produces both voltage and current traveling waves. Either one can be used for accurate fault location, so the question is which one produces a more detectable signal to the relay. How the primary sensor reproduces the traveling wave is the most significant factor in the selection of a current transformer (CT) versus a capacitance voltage transformer (CVT) [2] . The wider and flatter response of a CT makes it more suitable to detect traveling waves in a reliable and consistent manner. In Fig. 2 , we see that out to 100 kHz, the response is only down to 70 percent.
Filtering
Once the input signal is selected, it needs to be processed to extract it from the overall power frequency signal, even though it might be of a significantly lower magnitude. Consider the fault shown in Fig. 3 . The resolution of the time of arrival of the wave front improves with each step of higher-frequency filtering. At 600 kHz, we can reasonably see the sharp edge of the arriving wave front to a resolution of 0.0001 seconds or better. In an actual implementation of the traveling wave system in a relay, a sampling frequency of just over 1.5 MHz was selected. Detecting and recording the traveling wave in this unit from two ends of a simulated transmission line produces the plot shown in Fig. 5 . In Fig. 5 , we see the arrival at the two ends of the traveling wave. The two superimposed wave forms give the information we need to determine fault location. The first wave front is the arrival of the wave at the nearest terminal, and the second wave front is the arrival of the wave at the farther line end. Additional spikes are due to reflections.
Fault location
Reviewing elementary school physics, we know that distance = velocity • time.
In the case of a traveling wave that begins at an unknown fault location, we can write a similar equation to determine this beginning location:
where: τ is the travel time of the wave on the transmission line. νp is the phase velocity of the traveling wave.
While we know that the phase velocity of the wave approaches the speed of light, this is not precisely c (300 km/millisecond or 186,000 miles/second).
We know:
However, for the line constants of a transmission line, this can be simply determined by (3) [1] .
where:
L is the line inductance. C is the line shunt capacitance.
These values can be simply determined by the line construction conditions.
For a typical 500 kV line: 
Using these characterizations, we can express the fault location as:
S and R refer to the sending and receiving terminals, respectively.
With Global Positioning System-based (GPS-based) clocks providing a typical accuracy of ±100 nanoseconds and a guaranteed accuracy of ±500 nanoseconds, this timing gives an accuracy of about ±300 meters.
For the practical matter of setting the relay with the required values to perform the calculation, the user is required to input the line length in miles or kilometers, the secondary cable length (which, in effect, is part of the line as far as the receipt of the traveling wave is concerned), and the line propagation velocity calculated as described in (3).
An additional practical consideration is to avoid a nuisance operation of the traveling wave fault location system when there is no actual fault on the line. Any event on the line or neighboring line-line switching, surge arrester conduction, or large birds landing on the line-will produce a traveling wave. Using a sensitive tripping element, such as a line current differential element, to qualify line events can eliminate these problems.
Conclusion
Workforce productivity and necessary customer service improvements require faster repair of problems in the transmission system. Highly accurate fault location can help meet this goal without adding significant additional cost to the overall protection and control system with the following:
• Modern relays have the processing capability and communications required for highly accurate fault location.
• Sufficient information about the transmission line is readily available to calculate fault location from traveling waves received at the two ends of a transmission line.
• Line current differential relays with GPS clocks provide sufficient communications and timing accuracy for traveling wave fault location.
New technologies and combined functions provide improved operational efficiency without increasing costs incurred by utilities and paid by customers.
